Nucleation of the ruthenium ͑Ru͒ precursor on low-k film surfaces during atomic layer deposition ͑ALD͒ of Ru was investigated. The adsorption tendency of the precursor decreased with increasing concentration of methyl groups on the low-k film surface, resulting in poor nucleation of Ru. The electron-deficient hydroxyl groups act as preferential adsorption sites for the electron-rich ligands of the aromatic Ru precursor through the formation of -bonds. This leads to the enhanced nucleation of Ru. The roles of the functional groups were corroborated by silylation experiments.
Hence, it is anticipated that the step coverage and thickness conformality of the barrier film will play a crucial role. Atomic layer deposition ͑ALD͒ could be a suitable deposition method for barrier films, because it employs self-limiting surface reactions. 4 In most ALD systems, however, a transient cycle region exists before the growth process reaches the linear growth region with increasing number of deposition cycles. 5, 6 If there are not enough nucleation sites on the surface, sparse nucleation may occur ͑i.e., long transient time͒, which may cause a significant variation in the growth rate with the number of deposition cycles. This sparse nucleation may also lead to the generation of pinholes through which Cu can easily penetrate, raising serious reliability concerns. Understanding the adsorption phenomenon of Ru precursors on low-k dielectrics, therefore, is essential to obtain a thinner and more dense barrier.
In a previous study, it was suggested that the enhanced nucleation of Ru on low-k dielectrics after UV-assisted ozone ͑O 3 ͒ treatment results from the structural change of the low-k film surface to an SiO x -like one. 7 However, the roles of the surface methyl ͑-CH 3 ͒ and hydroxyl ͑-OH͒ groups were not clarified by sufficient supporting results. In the present study, low-k films with different chemical states were used in an attempt to understand their influence on the adsorption behaviors of the Ru precursor. With the help of additional silylation experiments, the roles of the surface functional groups in the inhibition and/or enhancement of the nucleation of Ru were elucidated.
SiOC:H-based dielectrics ͑series of Black Diamond, hereafter labeled LKA, LKB, and LKC͒, which were provided by a company, were chosen as the low-k substrates. The basic film properties including the dielectric constant and density are summarized in Table  I . The LKA and LKB films were subjected to the same deposition process, while additional UV annealing was carried out in the case of the LKA. The UV-annealing increases the film porosity and lowers the dielectric constant. 8 The deposition condition of the LKC film was tuned to obtain a denser film. Another type of low-k film ͑LKD͒ was deposited by the plasma-enhanced chemical vapor deposition ͑PECVD͒ method using bis-trimethylsilylmethane ͓BTMSM, ͑CH 3 ͒ 3 -Si-CH 2 -Si-͑CH 3 ͒ 3 ͔ as the precursor in the laboratory. 9 No additional postdeposition-annealing of the LKD film was performed if not mentioned, and the dielectric constant of the film is somewhat high ͑ϳ3.3͒.
Ru was deposited on a shower-head-type thermal ALD system using 2,4-͑dimethylpentadienyl͒͑ethylcyclopentadienyl͒Ru ͓͑DMPD͒͑EtCp͒Ru͔ as the metal precursor and oxygen as a reactant at a substrate temperature of 250°C. 10 The Ru deposition cycle was repeated 650 times, if not mentioned, corresponding to a Ru film thickness of ϳ26 nm if no transient cycle is involved. Shibutami et al. claimed that the DMPD ligand of the organometallic precursor easily activates nucleation compared to Ru͑EtCp͒ 2 .
11 UV-O 3 treatment was carried out for 1 min to modify the surface of the low-k films using another ALD chamber equipped with a commercially available low-pressure mercury UV lamp.
12
In the silylation study, a liquid BTMSM precursor that was employed for the LKD deposition was used. It has been reported that the nucleation of Ru on the LKD film during the ALD process is largely deterred by the very long transient time. 7 Therefore, UV-O 3 treatment of the LKD film for 1 min was performed prior to Ru deposition. The UV-O 3 treated LKD film was dipped into the BT-MSM precursor for 10 min for silylation. Using contact angle measurements, the effectiveness of using BTMSM as the silylation reagent was confirmed. The contact angle of a PECVD SiO 2 film ͑not a low-k film͒ increased from 52.6 to 64.5°by dipping it into the BTMSM, which indicates that surface hydroxyl groups were replaced with hydrophobic trimethylsilyl ͓͑CH 3 ͒ 3 Si-͔ groups.
The chemical structure of the low-k films was determined by Fourier transform infrared spectroscopy ͑FTIR, Jasco FT/IR-660 plus͒ in absorption mode. The area density of Ru deposited on the low-k films was measured by X-ray fluorescence spectroscopy ͑XRF͒. The density and thickness estimation of the low-k and ALD-Ru films was carried out by X-ray reflectivity ͑XRR͒ measurements ͑PANalytical X'Pert MRD͒. 7 Transmission electron microscopy ͑TEM, JEOL, JEM-3000F͒ was employed to examine the thicknesses of the Ru layers and the penetration of Ru into the porous low-k layer. Field-emission scanning electron microscopy ͑SEM, Hitachi S-4800͒ was used to investigate the nucleation be-* Electrochemical Society Active Member.
z E-mail: cheolsh@snu.ac.kr; thinfilm@snu.ac.kr havior of Ru. The surface compositions and chemical states of the low-k films were analyzed by Auger electron spectroscopy ͑AES͒ and X-ray photoelectron spectroscopy ͑XPS͒. No Ar + ion etching was applied on obtaining the surface carbon concentrations for the AES and XPS measurements. Figure 1 shows the collected FTIR spectra of the low-k films used in the present study. It shows the information on existing functional groups as well as bonding properties of the low-k films. The intensity of the spectrum of the thick-LKA film was corrected to allow for direct comparison. The inset figure shows the enlarged Si-͑CH 3 ͒ x ͑SiMe x , x = 1, 2, or 3, SiMe 1 , SiMe 2 , and SiMe 3 ͒ peaks ͑1250-1280 cm −1 ͒. The absorption peaks located at 770, 804, and 844 cm −1 are assigned to the stretching and/or rocking of the SiMe 1 , SiMe 2 , and SiMe 3 bonds, respectively. 13 It is observed that the LKA film has a prominent SiMe 1 peak compared to the other films, while the LKD film has the SiMe 1 peak with the lowest intensity. The sharp SiMe 1 peak of the LKA film is due to the UVannealing process; UV radiation is known to remove methyl groups that are bonded with Si and create Si-O-Si crosslinks. 8 The spectrum of the LKD film reveals strong absorption peaks for SiMe 2 and SiMe 3 compared to the other low-k films, indicating its relatively polymeric bonding nature.
The shape and position of the SiMe x peaks ͑inset of Fig. 1͒ clarifies these structural differences. The LKA film has a sharp and intense peak at ϳ1273 cm −1 ͑SiMe 1 -rich, more inorganic͒, while the LKD film has one at ϳ1262 cm −1 ͑SiMe 3 -rich, more polymeric͒. The structures of the LKB and LKC films appear to be in between those of the LKA and LKD films. The weak peaks at ϳ890 cm −1 of the LKA-LKC films are due to the bending mode of the H-SiO 3 bonds. The strong absorption at ϳ1030 cm −1 corresponds to the asymmetric stretching of the Si-O-Si bonds. Unlike the LKB-LKD films ͑ϳ1029 to 1031 cm −1 ͒, the LKA film shows a shift of the stretching bond to a higher wavenumber ͑ϳ1043 cm −1 ͒, which is an indication of its inorganic properties. The broad hump at ϳ1135 cm −1 in the spectrum of the LKA film is attributed to the Si-O-Si bond with a larger angle ͑ϳ150°͒ in a cage structure, 13 probably due to UV annealing. This is consistent with the lowest density ͑1.15 g/cm 3 ͒ and dielectric constant ͑2.5͒ of LKA among the low-k films.
From the detailed FTIR analyses for bulk properties of low-k films, it is expected that the carbon concentrations on the film surface may follow the similar order. The AES depth profile analyses showed that the carbon concentrations on the film surface is LKD Ͼ LKB Ͼ LKC Ͼ LKA. The result is consistent with the FTIR results.
Ru was deposited on the four low-k films to determine the correlation between the types of surface functional groups and ALD behavior. Figure 2 plots the variation in the area densities of ALD-Ru measured by XRF as a function of the carbon concentration on the surface of the various low-k films which were measured by AES. The filled squares and open circles correspond to the Ru layers on the as-received and UV-O 3 treated low-k films, respectively. No correction of the concentrations of the UV-O 3 treated films was made. A SiO 2 film deposited by a conventional PECVD method was included as a control film.
As seen in the plot, the area density of ALD-Ru decreases with increasing concentration of carbon on the surface. A higher concentration of carbon suggests that more methyl groups are bonded with Si, which corresponds well with the FTIR results in Fig. 1 . More interestingly, all of the low-k films, except for LKA, exhibit a large increase in the area density of Ru after the UV-O 3 treatment. In the case of LKA, the concentration of carbon on the surface is already similar to that of the control SiO 2 film, and the Ru area density on the as-received LKA film is already high, so that the increment appears to be small.
The inset TEM image of Fig. 2 shows the cross section of the Ru film on the as-received LKA film. As previously reported, 7 the Ru atoms penetrate into the porous LKA layer and form Ru clusters, as indicated by the black arrow in the inset figure. XRF detects all the Ru present on the film, so that the Ru clusters also contributed to the area density shown in Fig. 2 . However, the contribution from these clusters was calculated to be as small as ϳ5% of the total area density by XRR and TEM.
The adsorption of a precursor on a substrate is a prerequisite step for nucleation in the ALD process. In the present case of ALD-Ru 
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Electrochemical and Solid-State Letters, 11 ͑8͒ H210-H213 ͑2008͒ H211 deposited using the ͑DMPD͒͑EtCp͒Ru precursor, there should be an interaction between the DMPD or EtCp ligands and surface functional groups on the low-k films. The Cp ligand of the Ru precursor has inherent aromaticity due to its six -electrons. Meléndez et al.
reported that the pentadienyl is also a reactive ligand. 14 Alkyl derivatives of these ͑cyclo͒pentadienyl ligands are stronger electron donors and accordingly, the stable adsorption of the Ru precursor on the low-k films necessitates electron-deficient functional groups on their surface.
The hydrophobic methyl group bonded with Si does not interact with electron-donating groups such as the ͑alkyl-modified͒ Cp ligands. A weak Van der Waals force may be the only interacting force between the ligand and the methyl group. However, the electron-deficient silanol groups on the surface tend to interact with electron-donating groups. It has been reported that the aromatic benzene molecule ͑C 6 H 6 ͒ exhibits a strong adsorption on a silanol group of silica film through -bonding, 15 which is stronger than the Van der Waals force. After the surface was modified with trimethylsilyl groups, however, the adsorption sharply decreased. The variations in the Ru layer density according to the surface carbon density ͑surface methyl groups͒ could be understood from the poor interaction between the ligand of the precursor and the surface methyl groups. As the carbon density decreases and the surface becomes increasingly of the silanol type, the precursor adsorption increases and the transient time decreases, which ultimately increases the deposited amount of Ru.
UV-O 3 treatment is accompanied by the adsorption of ambient water, which enriches the surface with -OH groups. 16 It is believed that surface treatments, i.e., Ar plasma, 17 UV-O 3 , 7 or E-beam, 8 easily remove surface methyl groups ͑adsorption inhibitor͒ and consequently, Si with dangling bonds tend to form silanol groups ͑adsorp-tion promoter͒. Accordingly, the nucleation of Ru on the UV-treated low-k film surface is enhanced.
The Si-O-Si and Si-H bonds could also be considered as the adsorption sites of the Ru precursor. The Si-O-Si bond is hydrophobic in nature, like the methyl group. 15 The oxygen atom in this bond already has a fully occupied orbital so that the interaction with the electron-rich ligands of the Ru precursor may be weak. Similarly, in the case of the Si-H bond, Park et al. compared the growth initiation of ALD-Ru on hydrogen-terminated Si and thermal SiO 2 using in situ AES. 6 They reported that the nucleation on SiO 2 is more easily initiated than that on the hydrogen-terminated Si substrate. Therefore, Si-O-Si and Si-H bonds may not enhance the nucleation of Ru.
The roles of the methyl and hydroxyl groups on the nucleation of Ru were further corroborated by a silylation study. The silylation reaction has been reported to restore the dielectric constant of damaged low-k films. 18 The silylation reaction with BTMSM reagent proceeds with the consumption of one silanol group and results in the formation of trimethylsilyl groups on the surface, as shown in Eq. 1
From Eq. 1 it can be anticipated that the silylation largely retards the Ru nucleation. The UV-O 3 treated LKD film was dipped into BT-MSM, and the ALD behavior of the Ru film on this silylated LKD film was investigated. The UV-O 3 treated LKD film was selected because it is free from the infiltration problem of Ru. 7 Figures 3a and b show the SEM surface morphologies of the ALD-Ru film on the UV-O 3 treated and UV-O 3 treated/silylated LKD films, respectively. Due to the high surface methyl concentration of the LKD film, the Ru nucleation is not active and a sparse and rough Ru film was observed, even after the UV-O 3 treatment. The area density of this Ru film was 9.34 Ϯ 0.4 g/cm 2 . In contrast, in Fig. 3b , no nuclei of Ru are seen on the silylated LKD film. XRF was unable to detect the characteristic Ru peak. With additional experiments on PECVD SiO 2 , where there are no infiltration complications, a similar result was obtained. Therefore, it can be inferred that the hydroxyl groups, which acted as preferential adsorption sites of the electron-rich ligands of the Ru precursor, are almost all substituted with trimethylsilyl groups as a result of the dipping into the BT-MSM and that Ru nucleation was suppressed.
The Ru deposition ͑1000 cycles͒ was performed on 450°C-annealed LKD films right after UV-O 3 treatments and the same films with additional exposure to ambient for 5 days. The variation in area densities of the deposited Ru on those LKD films is shown in Fig. 4 . The "A," "A1U," and "A5U" represents the annealed, annealed/1 min UV-O 3 treated, and annealed/5 min UV-O 3 treated LKD films, respectively. Open squares represent the corresponding films with exposure to ambient for 5 days prior to Ru deposition. As the low-k films were exposed to the air, more hydroxyl groups were adsorbed on low-k film surface and correspondingly, the nucleation of Ru was enhanced. This result also verifies the effectiveness of hydroxyl groups.
In summary, the role of the surface methyl groups of low-k films on the adsorption of a Ru precursor during the ALD of Ru was studied using low-k films with different chemical structures. The nucleation rate of Ru decreased with increasing concentration of carbon at the surface of the low-k films because of the increasingly abundant methyl groups that are chemically inert and do not interact 
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Electrochemical and Solid-State Letters, 11 ͑8͒ H210-H213 ͑2008͒ H212 with the Ru precursor. These methyl functional groups are removed by the UV-O 3 treatment, causing the surfaces of the low-k film to become increasingly of the Si-OH type. The hydrogen atoms in the newly formed hydroxyl groups are in an electron-deficient state, thus allowing the electron-rich ligands of the Ru precursor to preferentially adsorb to them through the formation of -bonds. Study of the modification of the surface functional groups by the silylation reaction corroborated the proposed mechanism for the suppression of nucleation of ALD-Ru.
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